Abstract Polymeric micelles of poly(ethylene glycol)-block-poly(e-caprolactone) bearing glucose analog encapsulated with superparamagnetic iron oxide nanoparticles (Glu-SPIO micelles) were synthesized as an MRI contrast agent to target cancer cells based on high-glucose metabolism. Compared to SPIO micelles (non-targeting SPIO micelles), Glu-SPIO micelles demonstrated higher toxicity to human prostate cancer cell lines (PC-3) at high concentration. Atomic absorption spectroscopy was used to determine the amount of iron in cells. It was found that the iron in cancer cells treated by Glu-SPIO micelles were 27-fold higher than cancer cells treated by SPIO micelles at the iron concentration of 25 ppm and fivefold at the iron concentration of 100 ppm. To implement Glu-SPIO micelles as a MR contrast agent, the 3-T clinical MRI was applied to determine transverse relaxivities (r 2 *) and relaxation rate (1/T 2 *) values. In vitro MRI showed different MRI signal from cancer cells after cellular uptake of SPIO micelles and Glu-SPIO micelles. Glu-SPIO micelles was highly sensitive with the r 2 * in agarose gel at 155 mM -1 s -1
Introduction
Imaging techniques are non-invasive methods utilized to diagnose cancer in human body. However, the challenging tasks still persist where improvement is needed to overcome limitations. Magnetic resonance imaging (MRI) provides higher resolution for anatomic imaging purposes but less molecular and physiological information (Hoffman and Gambhir 2007; Weissleder and Pittet 2008) .
18 F-fluoro-2-deoxyglucose positron emission tomography ( 18 F-FDG PET) has been used successfully for assessing state of tumors, planning and monitoring of tumor therapy as well as the early detection of recurrent tumor growth. 2-[18F]-2-deoxy-D-glucose ( 18 F-FDG), a glucose analog molecule, is taken up by cells via the facilitated glucose transporter, especially glucose transporter 1 (Glut-1). It is accumulated within cells in direct proportion to their metabolic activity. Thus, the high uptake of 18 F-FDG by tumor cells can be detected by PET scan. However, 18 F-FDG is a radio-labeling material which can cause potential hazards to patients and presents a limited half-life. Moreover, PET has very low resolution and expensive. To overcome these limitations, the targeting capability of Glut-1 can be adopted to target cancer cells using other imaging techniques such as MRI. MRI is a good candidate to be applied as the molecular imaging due to high-resolution and high soft-tissue contrast. Currently, gadolinium and superparamagnetic iron oxide (SPIO) are widely used as MRI contrast agents and were used to enhance MR image contrast for clinical applications (Jin et al. 2014; Liu et al. 2016 ). In addition, superparamagnetic iron oxide nanoparticle was also applied for drug delivery system (Sheikholeslami 2017c) . Many research works have reported properties of magnetic nanoparticles (Sheikholeslami 2017b) and studied magnetic field affecting nanoparticles (Sheikholeslami 2017a, c) . Nanoparticles have been studied to target high-glucose metabolism of cancer cells. Luciani et al. synthesized PEGylated paramagnetic niosome with glucose labeling on the surface. The gadobenate dimeglumine was loaded into inner noisome vesicles. The particles showed significantly improved tumor targeting in human carcinoma tumor xenograft (Luciani et al. 2004 ). Xiong et al. synthesized 2-deoxy-D-glucose-modified SPIO particles to target Glut-1-overexpressing breast tumor (MDA-MB-231) (Xiong et al. 2012 ). The T 2 signal intensity of MDA-MB-231 after treated with glucose-modified SPIO decreased significantly. Venturelli et al. demonstrated that glucose-coated magnetic nanoparticles could be applied for metabolic-based assays to detect cancer cells (Venturelli et al. 2016) . Polymeric micelles have been developed for nanoscale drug delivery system, diagnostic imaging and biomedical applications (Blanco et al. 2009; Nasongkla et al. 2006; Theerasilp et al. 2017 ) and clinical practice (Caster et al. 2016) . Polymeric micelles can be prepared from biocompatible amphiphilic block copolymers, forming core-shell architecture. The hydrophobic core acts as a reservoir for water-insoluble compounds resulting in the significant increase in solubility and stability of these compounds (Puntawee et al. 2016) . The hydrophilic shell protects polymeric micelles from mononuclear phagocytic system (MPS) (Jokerst et al. 2011) , and reduces renal clearance (Movassaghian et al. 2015) . These properties contribute to long blood circulation time as well as high bioavailability. Small size with narrow distribution and long circulation time of polymeric micelles provide the accumulation of polymeric micelles in tumor tissues by the enhanced permeability and retention (EPR) effect (Jokerst et al. 2011) . Targeting polymeric micelles can be achieved via attaching the ligand on the surface of micelles which recognizes tumor-specific receptors. RGD (Nasongkla et al. 2004; Zhang et al. 2012 ) and folic acid (Cheng et al. 2011 ) are effective ligands for targeting cancer. The targeting strategy increased accumulation at tumor site and increased the uptake by cancer cells. In the addition, polymeric micelles which have different abilities such as targeting, therapy and diagnosis in a single particle were synthesized as multifunctional polymeric micelles. Nasongkla et al. developed multifunctional micellar platform by conjugating cRGD to polymeric micelles after the SPIO and doxorubicin were loaded in core of micelles. They found 2.5 folds greater accumulation in SLK cells and higher growth inhibition including darker T 2 -weighted image compared to cRGDfree micelles (Nasongkla et al. 2006) .
The aim of this study was to construct the targeting polymeric micelles containing SPIO. The surface of micelles was conjugated with analogous glucosamine, glucose, to target prostate cancer line (PC-3) which overexpresses Glut-1 receptor (Effert et al. 2004 ). The characterization and cytotoxicity of Glu-SPIO micelles were investigated. The amount of SPIO in cancer cells after cellular uptake was evaluated by atomic absorption spectroscopy. T 2 * and 1/T 2 * values of PC-3 cells were compared after incubated with Glu-SPIO micelles or SPIO micelles.
Materials and methods

Ethylene oxide was obtained from Wintech service (Thailand). e-Caprolactone (e-CL) was purchased from SigmaAldrich and purified by vacuum distillation over calcium hydride (CaH 2 ). 3-Buten-1-ol was purchased from Acros and purified by vacuum distillation over calcium hydride (CaH 2 ). 18-Crown-6 was purchased from Acros and vacuum-dried overnight at 46°C. Mercaptopropionic acid and azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich. Hydrophobic SPIO was synthesized as previously described method (Sun et al. 2004) . N-hy-
carbodiimide hydrochloride (EDC), 2-methoxyethylamine and Nuclear Fast Red were purchased from Sigma-Aldrich. Glucose triethylamine and potassium ferrocyanide were purchased from Acros Organics. All solvents were purchased from RCI Labscan as analytic grade. For the synthesis of polymer, tetrahydrofuran (THF), dimethylformamide (DMF) and toluene were dried by refluxing over a sodium-benzophenone and distilled under dried argon.
Synthesis of HOOC-PEG-b-PCL
Synthesis of allyl-PEG
A three-neck round-bottom flask, anhydrous 3-benten-1-ol, of potassium naphthalide solution (1 molar equivalent), and 18-crown-6 (1.2 molar equivalent) were added into anhydrous THF under Ar stream. The flask was cooled in an ice bath, and then condensed ethylene oxide was transferred into flask by a cannula under Ar stream. The reaction was stirred for 24 h in the ice bath and 72 h in room temperature under Ar atmosphere. The crude polymer was collected by precipitation in diethyl ether. The powder of allyl-PEG was isolated by filtration and then washed with diethyl ether.
Synthesis of allyl-PEG-b-PCL
Dried allyl-PEG (0.2 mmol) was dissolved in anhydrous toluene under Ar stream. Anhydrous e-caprolactone (8.75 mmol) was added into the flask containing polymer solution. The flask was heated to 140°C then few drops of Sn(Oct) 2 was added under Ar stream. The solution was heated at 140°C and stirred for 24 h under Ar atmosphere. The product was purified by redissolving in acetone and precipitated twice in diethyl ether.
Synthesis of carboxyl-PEG-b-PCL
3-Mercaptopropionic acid (20.0 molar equivalent) and AIBN (1.0 molar equivalent) were added into the solution of allyl-PEG-b-PCL in anhydrous DMF. The reaction mixture was stirred at 65°C for 24 h under Ar atmosphere.
Preparation of SPIO-loaded micelles
Micelles were prepared by solvent evaporation method (Theerasilp and Nasongkla 2013) . Firstly, HOOC-PEG-b-PCL and SPIO were dissolved in THF and was added dropwise into DI water, while the mixture was sonicated continuously (SONIC, Model VCX 130). The resulted solution was gently stirred at room temperature until the organic phase was completely evaporated. Then, the solution was filtered through a 0.2 lm syringe filter.
Glucose-and methoxy-installed SPIO-polymeric micelles
N-hydroxysuccinimide (NHS) (20 equivalents) and 1-ethyl-3 (3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC) (6.7 equivalents) were added into SPIO micelles, and the mixture was reacted for 2 h at room temperature. Glucosamine (15 equivalents) was then added. The pH of the reaction mixture was adjusted to 9 using triethylamine. The reaction was then allowed to carry out for 6 h at 37°C. After that, the solution was purified by dialysis membrane with cut off MW at 50,000 Da for 24 h. Glucose-installed SPIO-polymeric micelles (Glu-SPIO micelles) solution was then freeze dried to obtain powder for FTIR analysis. SPIO micelles without glucose were prepared similar to method mentioned above but 2-methoxyethylamine was used instead of glucosamine.
Particle size determination
Average particle size, size distribution and zeta potential of micelles were measured by dynamic light scattering (Zetasizer Nano ZS, Malvern). Micelles were diluted by water until polymer concentration was approximately 10 lg/ml.
Determination Fe content in SPIO micelles
SPIO micelle was dissolved in 12 M HCl solution and incubated at 60°C for 4 h. The solution was then mixed with 1.5 M potassium thiocyanate solution to form Fe-SCN complex. Spectrophotometer was used to measure the absorbance of each solution at the wavelength of 447 nm.
Cell culture and cytotoxicity studies
Human prostate cancer cell line (PC-3) was cultured in Eagle's Minimum Essential Medium (EMEM) supplemented with 10% fetal bovine serum (FBS), 110 mg/ml of sodium pyruvate, 100 U/mL of penicillin and 100 U/mL of streptomycin. The culture was incubated at 5% CO 2 in a humidified atmosphere at 37°C. The cytotoxicity of SPIO micelles and Glu-SPIO micelles against human prostate cancer cells line (PC-3) was carried out by a DNA/Survival assay with various equivalent iron concentrations. Cell viability was calculated using the ratio of the number of PC-3 cells between the treated group over the untreated group (control).
Cellular uptake study PC-3 cells at the density of 10 6 cells per well in 6-well plate were incubated with the Glu-SPIO micelles and SPIO micelles for 2 h at the Fe concentration of 25 and 100 ppm, respectively. After incubation, cells were washed three times with PBS to remove micelles that were not taken up by cells. Cells were separated from the medium using a trypsinization method then centrifuged (1500 rpm 4°C for 7 min). Cells were then dissolved in 12 M HCl solution to digest cells and ionize SPIO into free iron cations. The amount of Fe in PC-3 cells was determination by atomic absorption spectroscopy. Appl Nanosci (2017) 7:711-721 713 Determination of the transverse relaxivities (r 2 *) SPIO micelles at the Fe concentrations between 0.18 and 0.72 mM were mixed with 2% agarose gel then they were filled into 384-well plate. T 2 and 1/T 2 * values of SPIO micelle were performed on a 3.0 T clinical MRI scanner (Philips, Achieva 3T MR, Netherlands, and B.V.) equipped with animal coil.
In vitro MRI
PC-3 cells at the density of 1 9 10 6 cells/well in 6-well plate were incubated with Glu-SPIO micelles or SPIO micelles at the Fe concentration of 100 ppm in medium for 2 h. Then, cells were washed with PBS, trypsinized and centrifuged at 1200 rpm for 3 min. Fresh PBS and 2% agarose solution were added into cells. The mixture was mixed and transferred into 384-well plate which was used as an MRI phantom. Phantom was kept at 4°C overnight before MRI scanning. Phantom was scanned under a 3.0 T clinical MRI scanner equipped with wrist coil at room temperature and 1/T 2 * mapping images were acquired.
Results and discussion
Characterization of carbonyl-PEG-b-PCL
The synthesis of carbonyl-PEG-b-PCL was divided into three steps as shown in Fig. 1 . First, ring opening polymerization of ethylene oxide was used to polymerize PEG using 3-benten-1-ol as an initiator. Second, the PCL block was polymerized by ring opening polymerization of ecaprolactone using PEG as a macroinitiator. NMR spectrum of allyl-PEG-b-PCL was shown in Fig. 2a . The multiplet peaks of allyl groups were assigned at 4.9 (peak a) (CH 2 =CH-) and 5.8 (peak b) (CH 2 =CH-) ppm. Methylene protons of PEG (-OCH 2 CH 2 O-) were assigned at 3.6 ppm (peak c). Methylene protons of PCL peaks were assigned at 1.3 (peak f), 1.5 (peak e ? g), 2.3 (peak d) and 4.1(peak h) ppm at the ratio of 1:2:1:1, respectively, as shown in Fig. 2a, b . Third, the thiol-ene reaction was used to conjugate mercaptopropionic acid and allyl-PEG using AIBN as a radical initiator. The mercaptopropionic molecule in carbonyl-PEG-b-PCL were observed at 2.75 (peak j, -CH 2 SCH 2 CH 2 COOH), 2.55 (peak k, -CH 2 SCH 2 CH 2-COOH) and 2.35 (peak I, -SCH 2 CH 2 COOH) ppm as shown in Fig. 2b . The molecular weight distribution of polymer was determined by GPC using PS standard. The molecular weight and DPI of allyl-PEG-b-PCL were 8.21 kDa and 1.19, respectively. For carbonyl-PEG-b-PCL, the molecular weight and DPI of allyl-PEG-b-PCL were 8.93 kDa, and 1.12, respectively.
Characterization of SPIO micelles
The synthesis of SPIO micelles and Glu-SPIO micelles is shown in Fig. 3a . SPIO micelles were prepared by solvent evaporation method and were loaded into the core of polymeric micelles. The attachment of glucosamine molecules on the surface of SPIO micelles was carried out after micelle assembly where the carbonyl groups were present at the surface of SPIO micelles so that glucosamine molecules were completely located on the surface. The coupling agents (EDC and NHS) were used in conjugating the amine group of glucosamine and the carbonyl group of polymer by amide bond. The product was purified by dialysis method to remove excess glucosamine and coupling agents. SPIO micelles were synthesized by conjugation between 2-methoxyethylamine and carbonyl-SPIO micelles via EDC/NHS coupling agents. The conjugation of glucosamine molecules was analyzed by FTIR. Figure 3b indicated the strong absorption band of the carbonyl group of ester bond in PCL chain at 1725 cm -1 . Figure 3c indicated the new absorption band at 1650 cm -1 and was the signal from the amide bond formation between an amine group of glucose and a carboxyl of the polymer. The -OH stretching band at 3500 cm -1 resulted from the hydroxyl group of glucose molecules (Fig. 3c) . The loading of Glu-SPIO micelles and SPIO micelles were equal to 12% because both of SPIO micelles were synthesized from the same batch of carbonyl-SPIO micelles. The size of SPIO, SPIO micelles and Glu-SPIO micelles was determined by dynamic light scattering as shown in Fig. 4a . The size of SPIO (dispersed in hexane) was 8.49 ± 0.34 nm. The sizes of carbonyl-SPIO micelle and Glu-SPIO micelles were 35.5 ± 5.5 and 35.6 ± 4.3 nm, respectively. Results suggest that the conjugation of glucose to SPIO micelles did not affect the size of micelles. However, the zeta potential of both SPIO micelles and Glu-SPIO micelles compared to carbonyl-SPIO micelles was significantly different (Table 1 ). The zeta potential of carbonyl-SPIO micelles had considerably negative charge -24.3 ± 0.4 mV) because of carbonyl group on the surface of micelles. The zeta potential of SPIO micelles and Glu-SPIO micelles increased to -17.2 ± 0.2 and -15.7 ± 0.8 mV, respectively. The results also confirm the existence of glucose and methoxy group on the surface of micelles by conjugation of glucosamine and 2-methoxyethylamine to carbonyl-SPIO micelles via EDC/ NHS coupling agent.
Cytotoxicity study
The cytotoxicity of SPIO micelles and Glu-SPIO micelles against human prostate cancer cells line (PC-3) was carried out by a DNA/Survival assay with various equivalent SPIO concentrations (ppm of Fe). Cell viability was calculated using the ratio of the number of PC-3 cells of the treated group over the untreated group (control). From Fig. 4b , the cell viability of PC-3 cells incubated for 12 h with both SPIO micelles and Glu-SPIO micelles was more than 90% for all SPIO concentration proofing the biocompatibility of these micelles.
Cellular uptake study
Atomic absorption spectroscopy was employed to determine the amount of SPIO uptaked by prostate cancer cells. Interestingly, it has been noted that the cellular uptake was increased in the case when glucose molecules were attached on the surface of micelles. After incubation of cancer cells with both SPIO micelles and Glu-SPIO micelles at the Fe concentration of 25 ppm for 2 h, the iron in cancer cells was 0.326 picogram/cell while that of SPIO micelles was 0.012 picogram/cell as shown in Fig. 4c . The same result was also found when the Fe concentration was at 100 ppm where the iron was at 0.684 and 0.133 picogram/cell for Glu-SPIO micelles and SPIO micelles, respectively. The enhancement in the uptake as a result of the targeting ligand, glucose, at the concentration of Fe at 25 and 100 ppm was 27-fold and fivefold, respectively. The difference of cell uptake between Glu-SPIO micelles and SPIO micelles of 100 ppm was lower than 25 ppm which was probably due to the internalization of micelles by diffusion mechanism (Mathot et al. 2007) or nonspecific uptake mechanism of micelles (Savić et al. 2003) . This mechanism was pronounced at high concentration of micelles. For lower micelle concentration, micelle uptake was achieved via endocytosis. Appl Nanosci (2017) 7:711-721 715 Determination of the transverse relaxivities (r 2 *)
After applying external magnetic field (B 0 ) through the zaxis, magnetic moments of nuclear spins align with the direction of B 0 and produce net magnetization (M z ) in the longitudinal. M z can be flipped out from the original direction by irradiation of 90°radio frequency (RF) pulse resulting in M z becoming zero. After irradiation is stopped, M z returns spontaneously to thermal equilibrium state (M z(0) ). This process provides longitudinal relaxation times or spin-lattice relaxation (T 1 ). T 1 relaxation time is the time (M z ) required to return to 63% of M z(0) and 1/T 1 is defined as T 1 relaxation rate. T 2 and T 2 * is the transverse proton relaxation time, indicating decoherence of proton magnetisation because of its interaction with each other or the fluctuating magnetic moments in the surrounding. M z is excited until M z equals zero by 90°pulse of RF irradiation. In other words, M z is flipped into the xy-plane as the transverse magnetization (M xy ). M xy is decreased due to spin-spin relaxation or T 2 relaxation. The time required for M xy to decrease to 37% of the maximum is defined as T 2 relaxation time and 1/T 2 is defined as T 2 relaxation rate. T 2 is generally 1000-times faster than T 1 . Under external magnetic field, SPIO can produce small magnetic fields that will shorten the relaxation time (T 1 , T 2 and T 2 *) of the surroundings as shown in Fig. 5b . Results show that T 2 *-weighted images were darker when the concentration of SPIO was increased as shown in Fig. 5a . MRI sensitivity of SPIO micelles was evaluated by measuring the transversal relaxation time (T 2 *) of water proton in tissue-mimicking materials (2% agarose gel) containing SPIO micelles. T 2 * value was determined from exponential decay (Eq. 1), where SI is signal intensity and TE is echo time. The relaxivity (r 2 *) was calculated from the slope of the line which plots between 1/T 2 * relaxation rates versus Fe concentration as Eq. (2). 
T 2 * was determined by curve fitting of exponential decay of signal intensity (SI) as a function of echo time (Fig. 5b) . T 2 * values of Glu-SPIO micelles at Fe concentration of 0, 0.18, 0.36 and 0.72 mM in agarose gel were carried out by curve fitting of signal intensity decay as shown at line 1, 2, 3 and 4 in Fig. 5b, respectively. Figure 5c shows that 1/T 2 * value was directly corresponding to the amount of SPIO or Fe concentration. Transverse relaxivity (r 2 *) was obtained from the slope of the linear regression between 1/T 2 * and Fe concentration. The r 2 * Fig. 4 a Particles size distribution of SPIO, carbonyl-SPIO micelles and Glu-SPIO micelles. b Cytotoxicity of SPIO micelle and Glu-SPIO micelles against PC-3cell after incubation for 12 h (mean ± SD; n = 6). c Cellular uptake of SPIO micelles and Glu-SPIO micelles by PC-3 cell at the Fe concentration of 25 and 100 ppm for 2 h incubation (mean ± SD; n = 2 with each sample was measured three times) was estimated to be 155.16 mM -1 s -1 . The high relaxivity value was observed due to the clustering effect of SPIO within polymeric micelles (Nasongkla et al. 2006) . To validate MRI method for the determination of iron, 21 samples of various Fe concentrations of SPIO micelles were scanned on MRI to determine 1/T 2 * value for the calculation of Fe concentration and compared to atomic absorption spectroscopy (AAs) method. Results of validation test was illustrated in Fig. 5d . The values of root mean square error (RMSE) and root mean absolute percentage error (MAPE) in this model was 0.026 and 9.344, respectively.
Uncertainty analysis was carried out. There are two categories of uncertainty, type A and type B. Type A uncertainty analysis is based on the statistical analysis of measurements as shown in Eq. (3)
where u Type A is Type A uncertainty value, s(q k ) is standard deviation of experiment, n is number of independent sample, q k is quantity for k = 1,2,3, …, n. Type B uncertainty analysis is based on specification of instrument. Instrument uncertainty (u I ) is divvied into two parts. First, u A is an error of instruments from accuracy and second, u R is an error of instruments from resolution. The u I , is calculated by combining the u A and u R at 95% probability level as shown in Eq. (4)
The type B uncertainty (u Type B ) is calculated for a rectangular probability distribution at 68% probability level as shown in Eq. (5)
The Eqs. (6) and (7) are combined and expanded uncertainty analysis. where k is coverage factor that is 1 for 68%, 2 for 95% and 3 for 99.7% confidence levels. The uncertainty analysis and the uncertainty sources are presented in Table 2 .
In vitro MRI
PC-3 cells (6.4 9 10 5 cells) were treated with SPIO micelles and Glu-SPIO micelles at the Fe concentration of 100 ppm for 2 h. Then, cancer cells were harvested and mixed with 20 lL of agarose and filled into the phantom which was made up of 384-well plate. T 2 *-weighted MR images of untreated PC-3 cells (Cell), PC-3 cells incubated with SPIO micelles (Cell ? SPIO) and PC-3 cells incubated with Glu-SPIO micelles (Cell ? Glu-SPIO) were shown in Fig. 6a . The enhancement of PC-3 uptake by glucose ligand on the surface of Glu-SPIO micelles resulted in the darkening effect of MR images compared to SPIO micelles. The relative MRI signal intensity significantly decreased from 0.9 (Cell ? SPIO) to 0.6 (Cell ? -Glu-SPIO). PC-3 cells without any treatment were used as a control group with MR intensity at 1.0. PC-3 cells treated with SPIO micelles and Glu-SPIO micelles in agaroses gel were carried out by curve fitting of signal intensity decay as shown at line 1, 2 and 3 in Fig. 6c , respectively. The summary of T 2 * and 1/T 2 * values of PC-3 cells treated with SPIO micelles and Glu-SPIO micelles is shown in Table 3 . T 2 * value of cancer cells treated with Glu-SPIO micelles was significantly lower than that of cancer cells treated with SPIO micelles. Without glucose as a targeting ligand, the uptake of SPIO micelles was very low when the T 2 * value was similar to the control group. Unlike T 2 *-weighted images, the 1/T 2 * value linearly correlated with the amount of iron per voxel in tissues, so these values can be used to quantify the amount of SPIO uptake by cancer Results show that 1/T 2 * of cancer cells incubated with Glu-SPIO micelles was higher than that of SPIO micelles by 35%. These results indicated that glucose-installed SPIO micelles have potential application as MRI contrast agents to target prostate cancer cells.
Conclusion
In summary, we have developed the glucose-installed SPIO micelles as an MRI contrast agent to target cancer cells based on high-glucose metabolism. Our study demonstrated enhanced cellular uptake of SPIO micelles in human prostate cancer cell line as a result of a targeting ligand, i.e., glucose on the micelle surface. This targeting mechanism was achieved via binding of glucose to the glucose transporter on the membrane of prostate cancer cells. Glu-SPIO micelles showed high transverse relaxivities due to clustering effect of SPIO in the core of micelles. The higher 1/T 2 * values of cancer cells after treated with Glu-SPIO micelles were found when compared to SPIO micelles. Consequently, glucose can be used as a small molecule ligand to target cancer cells overexpressing glucose transporter. 
